Brain function is absolutely dependent on an appropriate supply of energy. A shortfall in supply-as occurs, for instance, following stroke-can lead rapidly to irreversible damage to this vital organ. While the consequences of pathophysiological energy depletion have been well documented, much less is known about the physiological energy dynamics of brain cells, although changes in the intracellular concentration of adenosine triphosphate (ATP), the major energy carrier of cells, have been postulated to contribute to cellular signaling. To address this issue more closely, we have investigated intracellular ATP in cultured primary cortical astrocytes by time-lapse microscopy using a genetically encoded fluorescent sensor for ATP. The cytosolic ATP sensor signal decreased after application of the neurotransmitter glutamate in a manner dependent on both glutamate concentration and glutamate transporter activity, but independent of glutamate receptors. The application of dopamine did not affect ATP levels within astrocytes. These results confirm that intracellular ATP levels in astrocytes do indeed respond to changes in physiological activity and pave the way for further studies addressing factors that affect regulation of ATP. V C 2017 Wiley Periodicals, Inc.
INTRODUCTION
Brain function is absolutely dependent on a proper supply of energy. The maintenance of brain energy status and brain function is a complex process involving various cell types. A key role is played by the astrocytes, a type of glial cells essential for brain energy metabolism (Hertz, 2008; Magistretti, 2009; Barros and Deitmer, 2010; Allaman et al., 2011; Belanger et al., 2011; Dienel, 2012a; Pellerin and Magistretti, 2012; Machler et al., 2016) . Astrocytes contact capillaries with their end feet and take up nutrients from the blood. Glucose can either be stored in astrocytes as glycogen or metabolized via glycolysis to produce pyruvate and lactate. While astrocytes also oxidize pyruvate within mitochondria (San Martin et al., 2013) , the lactate is transferred from astrocytes to neurons either directly or, within the white matter, most likely via oligodendrocytes and myelin (Pellerin and Magistretti, 1994; Pellerin and Magistretti, 2012; Hirrlinger and Nave, 2014) .
Astrocytes that contact glutamatergic synapses take up glutamate via the glutamate transporters GLT-1 or GLAST in a sodium-dependent manner. As sodium has to be pumped out of the cell again via Na 1 /K 1 -ATPase, it has been suggested that the resulting decrease in adenosine triphosphate (ATP) speeds up glycolysis and results in an enhanced release of lactate to feed neighboring neurons during high synaptic activity (Pellerin and Magistretti, 1994; Voutsinos-Porche et al., 2003; Magistretti and Chatton, 2005; Pellerin and Magistretti, 2012) . Whether ATP consumed by Na 1 /K 1 -ATPase is provided mainly by glycolysis or by mitochondria, and whether astrocytes use primarily glucose or lactate as a substrate for energy production, has been a matter of debate (Dienel, 2012a,b) . While the exposure of astrocytes to glutamate stimulates glucose uptake as well as glycolytic flux (Loaiza et al., 2003; Bittner et al., 2011) , no preferential fueling of the Na reported (Fernandez-Moncada and Barros, 2014) . Furthermore, mitochondria are present within the tiny astrocytic processes close to synapses (Grosche et al., 1999; Lovatt et al., 2007; Oberheim et al., 2009; Derouiche et al., 2015) , and both glycolytic enzymes as well as mitochondria co-compartmentalize with glutamate transporters (Genda et al., 2011) . Also, interfering with the interaction of a glycolytic enzyme with mitochondria affects glutamate uptake (Jackson et al., 2015) , and glutamate exposure affects mitochondrial movements in astrocytes (Jackson et al., 2014; Stephen et al., 2015) , suggesting that several pathways contribute to the supply of energy (ATP) to fuel glutamate uptake by astrocytes (Robinson and Jackson, 2016) .
ATP is the central energy currency of cells, linking energy-producing, energy-buffering, and energyconsuming processes. However, studies of the dynamics of changes in intracellular ATP have been limited so far by some major drawbacks associated with classical methods of measuring ATP. Luciferase-based biochemical approaches require lysis of cells or tissues, resulting in loss of cellular resolution and cell-type specificity as well as temporal resolution. These limitations can be overcome in part by imaging methods (e.g., based on imaging using magnesiumsensitive dyes), but these in turn tend to be rather unspecific. Nevertheless, evidence supporting a glutamate-induced decrease of ATP in astrocytes has previously been obtained using magnesium imaging (Magistretti and Chatton, 2005) .
More recently, genetically encoded optical sensors for ATP have been introduced that enable the direct study of intracellular ATP levels with high temporal and spatial resolution by fluorescence imaging. These sensors change either their fluorescence or luminescence properties depending on ATP concentration (Imamura et al., 2009; Berg et al., 2009; Nakano et al., 2011; Tantama et al., 2013; Rangaraju et al., 2014) and so far have been mainly used to study neuronal ATP homeostasis and regulation (Connolly et al., 2014; Rangaraju et al., 2014; Toloe et al., 2014; Lange et al., 2015; Pathak et al., 2015) . Here, we took advantage of ATeam1.03 YEMK , a fluorescent, FRET-based sensor for ATP (Imamura et al., 2009) , to study ATP dynamics in astrocytes during exposure to the neurotransmitters glutamate and dopamine, as well as the effect of different energy substrates (glucose, lactate) on ATP changes in those cells.
MATERIALS AND METHODS

Astroglia-rich Primary Culture
Mice of the C57/B6 strain were bred in the animal facility of the Medical Faculty of the University of Leipzig and treated in accordance with the German Protection of Animals Act (TSchG §4 Abs. 3) and with the guidelines for the welfare of experimental animals issued by the European Communities Council Directive (2010/63/EU). Experiments were approved by the local authorities (Landesdirection Leipzig, registration number T04/13). Mice were housed in individually ventilated cages in a specific pathogen-free environment in a 12-hr/12-hr light-dark cycle with access to food and water ad libitum.
Primary cultures of cortical astrocytes were prepared from newborn mice of either sex as described (Hirrlinger et al., 2002; Requardt et al., 2010) . Briefly, cerebral cortices from postnatal day 1 mouse pups were triturated, and 1.2 million cells were seeded onto glass coverslips (30 mm in diameter) in six-well plates containing 3 ml of medium consisting of Dulbecco's Modified Eagle Medium containing 25 mM glucose, 10% fetal calf serum, 20 units/ml penicillin G, and 20 mg/ml streptomycin sulfate. One week after seeding, the medium was changed to the same medium containing only 5 mM glucose. Medium was exchanged twice a week thereafter. Experiments were performed with confluent cell cultures after at least 14 days in vitro. The purity of the cultures was analyzed by immunostaining for the astrocytic marker protein glial fibrillary acidic protein as described (Requardt et al., 2010) . Ninety-four percent of the cells in the cultures were found to be positive for this marker protein (Requardt et al., 2010) .
Plasmids and Transfection
Plasmids pDR-GW AT1.03 YEMK and pDR-GW AT1.03 R122K/R126K (Bermejo et al., 2010) containing the open reading frame of the ATP sensor ATeam1.03
YEMK and the ATP-binding-deficient variant AT1.03 R122K/R126K , respectively (Imamura et al., 2009) , were obtained from Wolf Frommer (via Addgene; plasmid #28004 and #28005, respectively) . The open reading frames of the sensors were subcloned into pDEST expression vectors using Gateway cloning. Four micrograms of plasmid DNA per well was transfected into astrocytes on sixwell plates using Lipofectamine (Invitrogen, Carlsbad, CA) by the standard protocol suggested by the supplier. Experiments were performed 1 day after transfection.
Immunocytochemical Staining of Astrocytic Cultures
For immunocytochemical analysis, primary astrocytes were fixed 1 day after transfection for 15 min in 4% paraformaldehyde in phosphate-buffered saline (PBS). Cells were permeabilized for 5 min with PBS/0.01% Tween20, incubated for 20 min with PBS/1% BSA/0.5% Triton X-100, and then incubated for 1 hr with the primary antibody rabbit anti-GFAP (raised against GFAP isolated from cow spinal cord; 1:500; Z0334; Dako, Glostrup, Denmark) in PBS/1% BSA/0.5% Triton X-100. After washing with PBS, the secondary antibody Cy3-conjugated goat anti-rabbit IgG (1:1,000; Dianova, Hamburg, Germany) was applied for 1 hr at room temperature. After washing with PBS, cells were incubated in PBS containing 1 lg/ml DAPI (Roth, Karlsruhe, Germany) for 5 min to stain cell nuclei, washed with PBS, and finally mounted with embedding medium Aqua Poly/Mount (Polysciences, Eppelheim, Germany). Fluorescence images were acquired on an Axiovert 200M fluorescence microscope (Zeiss, Oberkochen, Germany) using a Fluar 403/1.30 oil objective (Zeiss).
Experimental Incubation
For experimental incubations, the incubation medium contained (in millimolar) NaCl (145), KCl (5.4), MgCl 2 (1), CaCl 2 (1.8), HEPES (20) , Na 2 HPO 4 (0.8), glucose (5); pH 7.4. In cases where glucose concentration was varied and other substrates were added, all solutions were adjusted to the same pH and osmolality. In experiments containing dopamine, catalase was added (Sigma-Aldrich; 130 U/ml) to dispose of any H 2 O 2 generated by auto-oxidation of dopamine as described (Requardt et al., 2010) . Coverslips with adherent astrocytes were mounted into a custom-made flow chamber and continuously perfused with incubation medium using a gravity flow system and a custom-built valve panel to switch between solutions. The chamber was fixed on the stage of an Axiovert200M or an AxioObserverZ1 (data shown in Fig At the end of each experiment, iodoacetate (1 mM) and sodium azide (10 mM) were applied to block all ATPproducing pathways. The signal dropped to a lower plateau under these conditions (see results), which was set as nominal [ATP] 5 0.
Data Analysis
Regions of interest (ROIs) were drawn around single cells using Fiji (Schindelin et al., 2012) , and the mean grayscale value of all pixels within each ROI was calculated. As the ATP sensor is a ratiometric sensor (Imamura et al., 2009) , the ratio of FRET and CFP channel (referred to as F/C ratio) was calculated as a measure of intracellular ATP. F/C ratios at baseline in 5 mM glucose were normalized to 1, and F/C ratios after application of iodoacetate and sodium azide were normalized to 0 (except for data shown in Fig. 1 ). To quantify the amplitude of ATP sensor signal changes, data were averaged for each single cell for either the middle 5 min (Fig. 2B ) or the last 10 min (all other data) of the 15-min incubation period. For the analysis of the experiment shown in Figure 2F (incubation of cells for 3 hr with glutamate), data within a 5-min time window centered around the time point given were averaged.
Biochemical Measurement of ATP Using Luciferase
Cells were incubated for 15 min with buffer containing 5 mM glucose alone or in combination with 100 mM glutamate or 10 mM azide or 1 mM iodoacetate 1 10 mM azide. After cell lysis with ice-cold 0.5% (w/v) trichloroacetic acid and centrifugation (10 min, 13,000 rpm, 4 8C), protein content was assayed by Lowry protein assay (Lowry et al., 1951 ) using bovine serum albumin as a standard and determined in a microtiter plate reader (Sunrise, Tecan, Crailsheim, Germany). In the supernatant, ATP content was measured using ATP Determination Kit (Molecular Probes, Eugene, OR) according to the manufacturer's instructions. Luminescence was recorded using a FLUOStar OPTIMA microplate reader (BMG LABTECH GmbH, Offenburg, Germany). The amount of ATP within the samples was calculated from ATP standard curves.
Statistics and Data Presentation
All experiments were performed on cells of at least three independently prepared primary cell cultures of astrocytes; n (dotted line), which is not sensitive for ATP. After application of a combination of azide (10 mM) and iodoacetate (1 mM), the F/C ratio decreased from 0.95 6 0.02 (mean 6 SEM; baseline condition) to a minimum of 0.38 6 0.004 for the ATP sensor (n 5 11 cells), whereas no signal change occurred with the mutated sensor (baseline: 0.32 6 0.003; azide 1 iodoacetate: 0.33 6 0.003; n 5 11 cells). D: Correlation of the F/C ratio of the ATP sensor and the cellular ATP content measured biochemically during incubation of astrocytes under different conditions. For imaging experiments, cells were incubated in 5 mM glucose (18 cells), 5 mM glucose 1 100 mM glutamate (18 cells), 5 mM glucose 1 10 mM azide (119 cells), or 5 mM glucose 1 10 mM azide 1 1 mM iodoacetate (18 cells; cells are from at least three cultures each; conditions are given in the order of decreasing F/C ratios). For biochemical measurements, three different cultures were used with the same incubation conditions. numbers of cells analyzed are given in the legends of the figures. Data in figures showing time courses (Fig. 1C, 2A , 3A, 4A) are shown as mean 6 standard error of the mean. Summarized data are shown as boxplots with the box spanning from the 25th to 75th percentile and the whiskers spanning from the 10th to the 90th percentile. Solid lines within the box show the median, while the dashed line represents the mean value of the data set. Statistical analysis was done using Kruskal-Wallis one-way analysis of variance on ranks (all pairwise multiple-comparison procedures by Dunn method) or Mann-Whitney rank-sum test for comparison of 100 mM glutamate and 100 mM D-aspartate. P < 0.05 was considered statistically significant. Asterisks (*) indicate significant changes compared with baseline or t 5 0 min, while # indicates a significant difference compared with specific conditions described in the figure legends.
RESULTS
Primary cultured cortical astrocytes from mice were transfected with the genetically encoded ATP sensor ATeam-1.03
YEMK (Imamura et al., 2009 ) to study ATP homeostasis in astrocytes. Expression in astrocytes was verified by immunostaining for the astrocyte marker GFAP (Fig. 1A , B) and revealed that 95% 6 3% (155 cells from three , 250, 235, 259, 238, 235, 259, 744 cells from left to right; from three astrocytic cultures). C: ATP concentration in astrocytes decreases only slightly during application of AMPA (n 5 12 cells from four experiments). D: D-aspartate induces a pronounced drop in ATP in astrocytes that is almost as large as the glutamate-induced decrease (n 5 12 cells from three experiments). E: The decrease in astrocytic ATP in response to glutamate is blocked in the presence of TBOA, an inhibitor of astrocytic glutamate transporters (n 5 10 cells from three experiments). For comparison, data from application of 100 mM glutamate only are shown, which is the same set of data as shown in panel B. # Significant differences compared with 100 mM glutamate. B-E: * Significant difference compared with control condition (absence of glutamate, AMPA, or D-aspartate). F: Astrocytes were incubated with 100 mM glutamate for 3 hr, and the ATP sensor signal was analyzed for the given time points (n 5 712 cells from three independent cultures). * Significant changes compared with t 5 0 min; # significant differences compared with the 10-min time point. independent cultures were quantified) of all transfected cells were indeed GFAP-positive astrocytes. To assess whether the ATP sensor signal responds as expected to intracellular ATP levels, astrocytes were incubated with 10 mM azide and 1 mM iodoacetate, which block the respiratory chain and glycolysis, respectively, effectively preventing any ATP production. The F/C ratio was calculated as a measure for ATP independent of the sensor expression level and normalized to 1 under baseline conditions (incubation medium containing 5 mM glucose as energy substrate). A pronounced drop in the F/C ratio was observed during application of azide and iodoacetate, reaching a lower plateau ratio of around 0.4, corresponding to a nominal absence of ATP in the cytosol of astrocytes (Fig. 1C, black line) . To verify that the observed signal change is indeed due to changes in ATP, the same experiment was performed after transfection of astrocytes with the mutated version AT1.03 R122K/R126K of the sensor, which is insensitive to ATP (Imamura et al., 2009 ). The observed F/C ratio was close to that of the lower plateau of the ATeam1.03 YEMK sensor after application of azide and iodoacetate and was itself unaffected by these inhibitors (Fig. 1C, dotted line) , suggesting specificity of the sensor signal.
To further verify that the signal obtained does indeed correlate to intracellular ATP levels, cells were incubated under various conditions and ATP was assessed both by imaging and in parallel experiments by biochemical measurements using a firefly luciferase-based assay. As expected, the F/C ratio showed an almost linear correlation with the ATP concentration measured biochemically ( Fig. 1D ; r 2 5 0.984). In summary, these data indicate that the ATeam1.03 YEMK sensor reliably reports the cytosolic ATP concentration in cultured astrocytes. For further experiments, the sensor signal was normalized to 1 under baseline conditions and to 0 after application of iodoacetate and azide (nominally no ATP).
It has been suggested that the uptake of glutamate into astrocytes induces a decrease in intracellular ATP via the activation of Na
To test this directly, glutamate was applied to cultured cortical astrocytes expressing the ATP sensor. Concentrations of glutamate as low as 1 mM were sufficient to induce a robust decrease in ATP over 15 min of application ( Fig. 2A) . Application of 100 mM glutamate led to a further drop in ATP followed by a plateau phase ( Fig. 2A) . Quantification of the mean of the final 10 min of glutamate exposure revealed that the drop in the ATP sensor signal was dependent on the concentration of glutamate applied (Fig. 2B) . Experiments were repeated with the mutated, ATP-insensitive version AT1.03 R122K/R126K of the sensor (Imamura et al., 2009) , the F/C ratio of which did not change (data not shown), indicating that the signal of the ATP sensor is indeed specific for ATP under the test conditions. In addition, these control experiments confirm that changes in intracellular pH only slightly, if at all, affect the signal of the ATeam1.03 YEMK sensor, which is in line with reports that ATeam1.03 YEMK is almost insensitive to pH changes within the physiological range (Imamura et al., 2009; Surin et al., 2014) .
Astrocytes express both glutamate receptors and glutamate transporters. To address which mechanism underlies the observed drop in ATP, AMPA was applied to activate AMPA-type glutamate receptors. No significant change in ATP was observed when 1 mM AMPA was applied, while 100 mM AMPA resulted in a mean 3.4% drop of the ATP sensor signal (Fig. 2C ). This reduction is much smaller than the mean 14.5% decrease observed in the presence of 100 mM glutamate (Fig. 2B) , suggesting that activation of AMPA receptors plays only a minor role in inducing the ATP drop. Therefore, D-aspartate was applied, which is both an agonist on NMDA receptors as well as a nonmetabolizable substrate of glutamate transporters. D-aspartate induced a pronounced decrease of the mean ATP sensor signal by 13.5% to almost the same level as glutamate application (Fig. 2D) . Since the expression of NMDA receptors in astrocytes is still a matter of debate, and since D-aspartate was applied in the absence of a coagonist of NMDA receptors such as glycine or Dserine, this result actually suggests that mainly glutamate transporters are causative for the glutamate-induced ATP drop. To verify this conclusion, glutamate was applied in the presence of DL-threo-b-benzyloxyaspartic acid (TBOA), an inhibitor of astrocytic glutamate transporters (Shimamoto et al., 1998) . In the presence of TBOA, 100 mM glutamate caused a reduction in the ATP sensor signal of only 5.1% (compared with 14.5% for application of glutamate alone; Fig. 2E ), strongly supporting the conclusion that the glutamate-dependent ATP changes in astrocytes are due to transport activity of glutamate transporters.
The time course of the ATP sensor signal showed a slight tendency for ATP to increase at the end of the 15-min glutamate exposure period ( Fig. 2A) . Therefore, ATP dynamics were examined by continuous monitoring of the ATP sensor in astrocytes for up to 3 hr of exposure to 100 mM glutamate (Fig. 2F) . Strikingly, after 35 min of incubation, the ATP sensor signal recovered to almost baseline levels. However, during further incubation, the ATP sensor signal gradually decreased and, after 2.5 hr, had once more reached the plateau levels seen during the first 10 min of incubation (Fig. 2F) .
It has been recently reported that the application of dopamine to cultured astrocytes results in an initial drop in the NADH/NAD 1 -redox state followed by recovery to a level above the original baseline (Requardt et al., 2010) . To test whether this change in the NADH/ NAD 1 -redox state affects cellular ATP, dopamine was applied to astrocytes expressing the ATP sensor. However, in contrast to glutamate, no change in the signal of the ATP sensor was observed during or after incubation with dopamine (Fig. 3) .
Finally, to study the influence of different energy substrates on ATP homeostasis of astrocytes, cells were incubated in either 5 mM glucose, 2 mM glucose 1 1 mM lactate, 1 mM glucose 1 2 mM lactate, or only 2 mM lactate. After application of glutamate, the ATP sensor signal dropped with a similar time course, reached a similar lower level, and recovered similarly after removal of glutamate independent of the type of energy substrate supplied The rate of the drop of ATP after glutamate application (C) is significantly faster in the sole presence of lactate. However, the rate of recovery of the ATP-sensor signal after washout of glutamate (D) is significantly lower in Glc 1 mM 1 Lac 2 mM compared with all other conditions. n values for C-D: Glc 5 mM: n 5 6 cells; Glc 2 mM 1 Lac 1 mM: n 5 73 cells; Glc 1 mM 1 Lac 2 mM: n 5 33 cells; Lac 2 mM, n 5 32 cells. Symbols in the legend apply to panels A-D.
( Fig. 4A, B) . Nevertheless, the maximal velocity of the drop in ATP sensor signal was higher in the sole presence of lactate (Fig. 4C) . Furthermore, while after removal of glutamate the ATP sensor signal recovered to similar values (Fig. 4B) , the maximal slope of recovery was significantly slower in 1 mM glucose 1 2 mM lactate compared with all other conditions (Fig. 4D) . DISCUSSION ATP is the major biological energy carrier in all cells including astrocytes. It is generated from ADP via glycolysis or oxidative phosphorylation, and dephosphorylated back to ADP by a wide variety of energy-consuming reactions, which in astrocytes include Na 1 /K 1 -ATPase, which establishes ion gradients at the plasma membrane, and the glutamine synthetase reaction that generates glutamine from glutamate. In addition to this basic biochemical function, ATP in astrocytes also integrates two crucial functions of these cells: the maintenance of brain energy homeostasis and the removal of glutamate from the extracellular space that terminates synaptic transmission and prevents excitotoxicity. Here, we took advantage of ATeam1.03 YEMK , a genetically encoded sensor for ATP (Imamura et al., 2009) , which allows monitoring of ATP concentrations within living cells in real time, to study the consequences of application of glutamate and dopamine on the cytosolic ATP levels in astrocytes.
ATeam1.03 YEMK reliably reported changes in ATP, and the sensor signal correlated well with the amount of ATP determined biochemically (Fig. 1D) , suggesting that the resting cytosolic ATP concentration is in the linear range of the sensor (around 1-3 mM). This estimate is slightly lower than those in the literature that were based on biochemical assays and estimates of the specific volume of the cytosol (3-7.5 mM; Schousboe et al., 1975; Silver and Erecinska, 1997) . This discrepancy might be due to cellular compartmentation because the ATP sensor is localized in the cytosol, while biochemical assays measure the mean ATP concentration of all cell organelles. Furthermore, the ATP sensor only reports free cytosolic ATP, while the extraction of ATP for biochemical measurements is likely to also release some bound ATP, resulting in an overestimation of free cytosolic ATP.
It has been proposed that a decrease in cellular ATP links glutamate uptake via the glutamate transporter GLT-1 and GLAST to the metabolic response of the cells (Pellerin and Magistretti, 1994) . Indeed, indirect evidence using magnesium green imaging provided evidence that ATP content decreases in astrocytes during exposure to a high concentration (200 mM) of glutamate (Magistretti and Chatton, 2005) . However, the signal of the ATP sensor used here decreased significantly already during exposure of astrocytes to just 1 mM glutamate, and this decrease was enhanced with increasing glutamate concentration ( Fig. 2A, B) . The decrease in cytosolic ATP was dependent on glutamate transport, but not on glutamate receptors, in line with previous studies showing that the metabolic response of astrocytes to glutamate is mainly due to glutamate uptake (Pellerin and Magistretti, 1994; Robinson and Jackson, 2016) . In the brain, the concentration of extracellular glutamate is in the submicromolar range under basal conditions, but can increase up to 190 mM in the extracellular space close to synapses during glutamatergic synaptic transmission (Dzubay and Jahr, 1999; Sun et al., 2014) . Mathematical modeling of Na 1 homeostasis during glutamate clearance showed that glutamate concentrations as low as 10 mM would be expected to pose an intense energetic challenge to astrocytes (Chatton et al., 2000) , and the application of 1 mM glutamate clearly increased Na 1 concentration in astrocytes (Chatton et al., 2000) . These findings are consistent with the observations of ATP levels reported here if one assumes that ATP decreases at least in part because of the activation of Na 1 /K 1 -ATPase by the increase in intracellular Na 1 concentration occurring at low glutamate concentration. Another potential mechanism of glutamate uptakeinduced ATP consumption would be the activity of glutamine synthetase. However, application of D-aspartate induced a decrease in the ATP signal, which reached 93% of that induced by glutamate (P > 0.05, Mann-Whitney U test). As D-aspartate is transported by glutamate transporters, but cannot be metabolized by glutamine synthetase, this suggests that the activity of glutamine synthetase is responsible for little or none of the increased ATP consumption in response to glutamate.
Application of glutamate (100 mM) induced an initial decrease in intracellular ATP, followed by a period of constant low ATP concentration indicating the establishment of a new equilibrium between ATP consumption and production. As ATP consumption is likely to remain high because of ongoing glutamate uptake, ATP production would need to be faster as well. Several mechanisms could account for this compensatory increase in ATP production: 1) A decrease in ATP generally goes along with an increase in ADP. Thereby, the concentration of ADP, the substrate of ATP synthesis, is increased, potentially resulting in faster ATP synthesis. 2) Glutamate uptake results in increased sodium concentrations in the cytosol and in mitochondria of astrocytes (Chatton et al., 2000; Bernardinelli et al., 2006; Langer and Rose, 2009) . These sodium signals most likely contribute to adaptation of energy metabolism in general and specifically of ATP production; however, the precise mechanisms of how sodium regulates ATP synthesis have not yet been clarified (Chatton et al., 2016) . 3) A potential mechanism by which Na 1 can affect cellular functions is an increase in intracellular Ca 21 via activation of the inverse mode of the sodium-calcium exchanger NCX (Kirischuk et al., 2007; Verkhratsky, 2010; Magi et al., 2013) . Increases in both cytosolic as well as mitochondrial Ca 21 are known to increase mitochondrial ATP synthesis by a number of mechanisms including activation of mitochondrial dehydrogenases (Wu et al., 2007; Griffiths and Rutter, 2009; Denton, 2009; Rueda et al., 2014; Llorente-Folch et al., 2015) . For example, regulation of mitochondrial energy metabolism by Ca 21 signals has been demonstrated in Drosophila motoneurons (Chouhan et al., 2012) . In addition, some evidence indicates that glycolysis might also be regulated by Ca 21 (Mieskes et al., 1987; Ashmarina et al., 1988; Schonekess et al., 1995) . Therefore, glutamate uptake-induced Ca 21 signals in astrocytes may be involved in inducing compensatory increases in ATP production in response to the increased demand for ATP. 4) Astrocytic mitochondria arrest close to sites of glutamate uptake dependent on Ca 21 signals (Jackson et al., 2014; Stephen et al., 2015) . This local arrest of mitochondrial movement would presumably increase local production of ATP close to sites of glutamate uptake (Robinson and Jackson, 2016). 5) Astrocytes have been reported to enhance glucose uptake and glycolytic activity during exposure to glutamate (Pellerin and Magistretti, 1994; Loaiza et al., 2003; Bernardinelli et al., 2004; Porras et al., 2004; Bittner et al., 2011) . 6) Finally, glutamate that is taken up into astrocytes can be used as a substrate for mitochondrial ATP production (McKenna et al., 1996; Sonnewald et al., 1997; Hertz et al., 2000; Hertz and Hertz, 2003; Panov et al., 2009; Bauer et al., 2012) .
Any or all of these mechanisms might potentially contribute to enhanced ATP production during active glutamate uptake into astrocytes. They are also likely to be involved in the transient recovery of ATP during prolonged exposure to glutamate. Glutamate induces an increase of the glycolytic rate in astrocytes with a time delay of 10 to 20 min (Bittner et al., 2011) , a time frame fitting very well to that of transient recovery of the ATP sensor signal. However, it remains to be determined which of these mechanisms contributes to what extent to the observed dynamics of cytosolic ATP in astrocytes.
It has been intensely debated which energy substrate, in particular glucose or lactate, is preferentially used by astrocytes and neurons . If glucose is the substrate, cells would be able to generate ATP by glycolysis, while lactate catabolism requires the activity of mitochondria. The existence of mitochondria within fine astrocytic processes close to synapses has been debated for a long time (Hertz et al., 2007) . However, accumulating evidence clearly indicates that mitochondria are indeed present in these structures (Grosche et al., 1999; Lovatt et al., 2007; Oberheim et al., 2009; Jackson et al., 2014; Stephen et al., 2014 Stephen et al., , 2015 Derouiche et al., 2015) . Consistently, pyruvate generated via glycolysis by astrocytes is substantially oxidized in mitochondria (San Martin et al., 2013) . No obvious differences in the decrease in ATP during application of glutamate were found when cells were supplied with glucose, lactate, or a combination of both. Strikingly, though, the recovery rates of ATP levels after removal of glutamate were significantly lower in 1 mM glucose 1 2 mM lactate than in other conditions. Whether this reduction in recovery rates is due to the recently reported inhibition of glycolysis by lactate (Sotelo-Hitschfeld et al., 2012) remains to be elucidated.
In summary, the uptake of glutamate into astrocytes poses a strong energetic challenge to these cells as evidenced by the observed decrease in intracellular ATP. The genetically encoded sensor for ATP used here in combination with high-resolution microscopy has revealed previously unknown features of energy dynamics in primary astrocytes under culture conditions. The same technology should be suitable for investigations to address ATP homeostasis of the brain on a single cell level in situ, where astrocytic processes are close to glutamatergic synapses and cell responses are most likely affected by more localized changes in the signaling and metabolic environment.
